Female meiotic spindles in many organisms form in the absence of centrosomes, the organelle typically associated with microtubule (MT) nucleation. Previous studies have proposed that these meiotic spindles arise from RanGTP-mediated MT nucleation in the vicinity of chromatin; however, whether this process is sufficient for spindle formation is unknown. Here, we investigated whether a recently proposed spindle-based MT nucleation pathway that involves augmin, an 8-subunit protein complex, also contributes to spindle morphogenesis. We used an assay system in which hundreds of meiotic spindles can be observed forming around chromatin-coated beads after introduction of Xenopus egg extracts. Spindles forming in augmin-depleted extracts showed reduced rates of MT formation and were predominantly multipolar, revealing a function of augmin in stabilizing the bipolar shape of the acentrosomal meiotic spindle. Our studies also have uncovered an apparent augmin-independent MT nucleation process from acentrosomal poles, which becomes increasingly active over time and appears to partially rescue the spindle defects that arise from augmin depletion. Our studies reveal that spatially and temporally distinct MT generation pathways from chromatin, spindle MTs, and acentrosomal poles all contribute to robust bipolar spindle formation in meiotic extracts.
Female meiotic spindles in many organisms form in the absence of centrosomes, the organelle typically associated with microtubule (MT) nucleation. Previous studies have proposed that these meiotic spindles arise from RanGTP-mediated MT nucleation in the vicinity of chromatin; however, whether this process is sufficient for spindle formation is unknown. Here, we investigated whether a recently proposed spindle-based MT nucleation pathway that involves augmin, an 8-subunit protein complex, also contributes to spindle morphogenesis. We used an assay system in which hundreds of meiotic spindles can be observed forming around chromatin-coated beads after introduction of Xenopus egg extracts. Spindles forming in augmin-depleted extracts showed reduced rates of MT formation and were predominantly multipolar, revealing a function of augmin in stabilizing the bipolar shape of the acentrosomal meiotic spindle. Our studies also have uncovered an apparent augmin-independent MT nucleation process from acentrosomal poles, which becomes increasingly active over time and appears to partially rescue the spindle defects that arise from augmin depletion. Our studies reveal that spatially and temporally distinct MT generation pathways from chromatin, spindle MTs, and acentrosomal poles all contribute to robust bipolar spindle formation in meiotic extracts.
γ-tubulin | microtubule nucleation | γ-tubulin ring complex M eiotic and mitotic spindles use an array of dynamic microtubules (MT) to align and segregate chromosomes in eukaryotic cells. Spindle MTs are short-lived, and new MTs are continuously nucleated and organized into the bipolar spindle by molecular motors and MT associated proteins. The best studied MT nucleation mechanism involves the γ-tubulin ring complex (γ-TuRC), which consists of γ-tubulin (γ-TB) and several other associated proteins (1) , and creates a ring-shaped template for tubulin assembly (2) . During animal cell mitosis, γ-TuRC is prominently localized and active at centrosomes, which orchestrate spindle assembly from two poles, potentially via a search and capture mechanism (3) .
Centrosomes, however, are dispensable for cell division when ablated in animal cells (4, 5) and are absent in egg meiotic cells of most organisms and higher plant cells. In the absence of centrosomes, a RanGTP-dependent MT nucleation process in the vicinity of chromatin (6) and directly at kinetochores (7) is thought to play a dominant role in generating MTs for spindle formation. Most recently, MT generation has been shown to occur within the mitotic spindle itself (8) . This process requires the 8-subunit augmin complex that localizes γ-TuRC to spindle MTs (9) . In Drosophila S2 cells, augmin RNAi depletion causes defects in spindle MT generation, which is partially compensated by centrosomal MTs (10) . In human cells, augmin depletion causes more severe phenotypes, reducing tension on sister kinetochores, triggering the spindle checkpoint (11, 12) , and reducing the numbers of central spindle MTs during cytokinesis (11, 13) . Taken together with augmin's role in localizing γ-TB to the spindle (9), these results have given rise to a model in which augmin may dock γ-TuRC onto spindle MTs and thus stimulate new MT nucleation from within the spindle. A similar docking and activation function of γ-TB has been suggested for the unrelated fission yeast protein Mto1 (14) , and a recent computational model for Xenopus meiotic spindle assembly postulates an important requirement for MT nucleation throughout the spindle (15) . Here, we have examined the role of augmin and MT nucleation in the formation of acentrosomal meiotic spindles using Xenopus egg extracts, a well studied in vitro system that allows for biochemical manipulation and quantitative kinetic studies.
Results
Augmin Immunodepletion from Xenopus Egg Extracts. The Xenopus laevis augmin subunits were identified by sequence homology based on the human homologs (11) . We raised polyclonal antibodies against Xenopus Dgt4, which completely removed native Dgt4 along with Dgt6 and CEP27 (two other augmin subunits) from Xenopus egg extracts by immunodepletion ( Fig. 1 A and B and Fig. S1A ). Augmin depletion is specific, in that proteins detected as nonspecific bands in immunoblots were not codepleted with Dgt4. Approximately one-third of γ-TB was codepleted with Dgt4, indicating that augmin interacts with γ-TB as expected ( Fig. 1 A and B and Fig. S1A ). In contrast, immunodepletion with total IgG fraction antibodies (control depletion) had no effect on augmin and γ-TB levels ( Fig. 1 A and B and Fig.  S1A ). Immunodepletion of γ-TB (80% reduction) with anti-γ-TB antibodies did not affect protein levels of augmin subunits ( Fig. S2 A and B) .
Augmin Depletion Impairs MT Assembly in Acentrosomal Spindles
Nucleated from DNA Beads. Meiotic spindles can be assembled in Xenopus cytostatic factor (CSF) extract in the presence of chromatin DNA beads and in the absence of added centrosomes, a situation similar to the acentrosomal spindle assembly that occurs during meiosis II in eggs (16) . Recently, chromatin DNA beads attached to a glass surface in a microprinted pattern were found to induce meiotic spindle assembly of many spindles in parallel (ref. 17) . Using this system (Fig. 1C) , we could monitor the assembly process of hundreds of control-and augmindepleted spindles around DNA beads by time-lapse fluorescence microscopy.
Spindle assembly in mock-depleted extracts resembled wildtype spindle assembly around DNA beads (18) and on DNA bead micropatterns (17) . MTs polymerized around DNA beads after a lag period and straight MT bundles extended from the beads nonuniformly and further than the typical spindle dimensions (Fig. 1D Top; stage I; ∼5-20 min; Movie S1). These multiple MT spikes then decreased in length while becoming arranged into a structure with two poles (stage II; ∼20-30 min; Movie S1). The poles then extruded further from the DNA beads (stage III; 30-45 min) to form a mature bipolar spindle (stage IV; ∼45-60 min; Movie S1).
In augmin-depleted extracts, the radius of the MT array was much shorter and more uniform in all directions at early time points (Fig. 1D Middle, stage I; Movie S2). Moreover, MTs were not straight, but curved, wavy and very disorganized around the DNA beads. In stage II, when a bipolar structure normally forms, multiple pole-like extensions extruded from the disorganized MT array. Ultimately, several poles formed around DNA beads (Movie S2). During stage III, MT extrusion was accompanied by an increase in MT intensity toward the poles, whereas the center of the spindle displayed a sparse MT density (stage IV, Movie S2).
Augmin Depletion Delays MT Production Within the Spindle. Previous studies demonstrated that the increase in MT mass during the self-organization of Xenopus acentrosomal spindles follows sigmoidal kinetics (17) (18) (19) , which is consistent with a MT-based autocatalytic nucleation mechanism, among other possible models. By monitoring the formation of hundreds of spindles in control-and augmin-depleted extracts, we could test whether augmin influences the rate of MT formation. As in untreated extract, control-depleted spindle MTs appeared after a short lag time and their mass increased rapidly reaching a maximum 20 min after the onset of nucleation (Fig. 2) , a time that precedes the formation of poles (Fig. 1D) . MT mass decreased slightly over the next 45 min as the mature spindles formed. Strikingly, without augmin, the increase in MT mass was much slower (Fig.  2) . The onset of MT nucleation was delayed by 11 min, and the maximum was reached only after 50 min, which coincides with the time point when the poles were fully formed. This result directly demonstrates that augmin plays an important role in contributing to the MT mass in the spindle, especially during the initial phase of assembly.
Augmin Facilitates the Bipolarity of Acentrosomal Meiotic Spindles.
To quantify the effects of augmin depletion, we classified the resulting acentrosomal structures into MT array (disorganized MTs), multipolar and bipolar spindles (Fig. 1D Bottom) . Half of the control-depleted spindles were scored as bipolar (Fig. 3A  Upper) , which is similar to DNA beads in solution and in untreated extract (16, 17) . Strikingly, at 50 min, the majority of augmin-depleted structures were multipolar (76%) and only a small number (7%) of structures were bipolar (Fig. 3A Lower) . A similar ratio of multipolar spindles also formed around DNA beads not attached on a pattern. The few bipolar spindles that formed in the absence of augmin were almost twice as long as control-depleted spindles (Fig. 3B ) and contained less than half of the MT mass (Fig. 3C ). Augmin-depleted bipolar spindles ( Fig. 3D ) and multipolar spindles also specifically showed a reduction in the relative MT intensity in the main body of the spindle versus at the poles. The bipolar structures in augmindepleted extract often had misplaced poles, thus deviating from the axial symmetry that is characteristic of control bipolar spindle ( Fig. 3 E and F) . These results show that augmin plays a major role in establishing the normal bipolar architecture of acentrosomal meiotic spindles. Control-and augmin-depleted spindles also displayed distinct temporal properties. Once they were established, controldepleted spindles changed very little in shape and MT intensity over time (50-90 min, Fig. 3A Upper and Fig. 3C ). In contrast, the number of bipolar spindles increased, whereas the number of multipolar spindles decreased in the same time period for augmin-depleted extracts (Fig. 3A Lower) . These changes occurred as the total MT mass was still increasing (Fig. 3C ). This result suggests the existence of an augmin-independent mechanism that could eventually convert multipolar into bipolar structures.
We next examined whether the spindle phenotypes of augmin depletion are distinct from γ-TB depletion and also whether the augmin depletion phenotype was not due solely to a minor codepletion of γ-TB. Instead of immunodepleting augmin, we added the anti-Dgt4 antibody directly to Xenopus extracts and observed very similar spindle defects to immunodepletion, most notably a striking increase in multipolar spindles ( Fig. 3G and Fig. S3 C-E) . We also tested the effects γ-TB depletion (80%).
The most striking phenotype observed was that most chromatin beads failed to nucleate MTs (Fig. S2 C and D) , which is consistent with prior results (18) . However, the minor number of bead patches that succeeded in forming MTs generally gave rise to monopolar spindles (Fig. S2) , in contrast to the predominantly multipolar spindles seen with augmin depletion.
We also compared the results of augmin depletion with partial γ-TB depletion (50%; more comparable to that which is codepleted with augmin) in a DNA-independent aster-forming assay with the constitutively active mutant RanQ69L, which initiates MT nucleation without DNA (6). γ-TuRC serves as the MT nucleator for RanQ69L asters (20) , and some candidates for upstream molecules have been uncovered (21) . In control immunodepleted extracts and partial (50%) γ-TB depleted extract, RanQ69L-induced MTs were seen at ∼14 min and then formed asters/spindle-like shapes at 30 min (Fig. S4) . However, in the absence of augmin, there was a substantial lag (>20 min) before visible MT-containing structures formed (>30 min); aster/ spindle-like structures also took longer to form (Fig. S4) . Thus, augmin depletion induces a lag in the RanQ69L aster formation, which is not manifested by partial γ-TB depletion.
Effects of Augmin Depletion in the Presence of Centrosomes. Previous cellular studies have suggested that centrosomes could partially compensate for spindle defects caused by augmin reduction (10) . To test this in the Xenopus extract system, we examined spindle formation in control-and augmin-depleted extracts in which sperm nuclei, which supply both centrosomes and DNA, are used to initiate spindle formation (22) . Spindles that formed in such augmin-depleted extracts had ∼50% of the MT fluorescence intensity compared with controls ( Fig. S1E) , and the ratio of tubulin intensity in the center of spindles versus at the poles was fivefold lower (Fig. S1F ). There were also gross organizational defects, as the number of multipolar spindles was approximately twofold higher than controls ( Fig. S1 B and C) . However, the proportion of multipolar spindles was lower than that seen in the acentrosomal spindles that form around chromatin beads. In agreement with results from cells (10), these results suggest that centrosomes mitigate some of the spindle morphology defects that occur after augmin depletion.
EB1-GFP Dynamics During Spindle Assembly. To better understand how MT generation is linked to bipolar spindle assembly, we used GFP-labeled EB1 as a marker of growing MT plus ends during various stages of spindle assembly in the presence and absence of the inhibitory anti-Dgt4 antibody. In control spindles, MTs that nucleated around chromatin quickly extended into long, aligned MTs (Fig. 4A Left) . EB1-GFP tracks show that MTs mostly grew away from the DNA beads, although some tracks moved in the opposite direction (Movie S3). The aligned MT extensions that formed in several directions quickly became ordered into one axis around the DNA beads with ends converging into poles (Fig. 4 B Left) . These early structures were characterized by a thick and uniform density of EB1-GFP tracks present throughout the entire spindle (Movie S3), in which the EB1 intensity is equal at the poles and the middle of the spindle (Fig. 4D) . In augmin-depleted extract, the initially formed MTs were less aligned and were restricted to a closer zone surrounding the DNA beads and the EB1-GFP comets moved toward and away from DNA beads (Fig. 4A Right and Movie S4) . Subsequently, poles formed, from which most of the EB1-GFP comets originated (Fig. 4B Right) . At this stage, EB1-GFP comets were greatly reduced in the middle of augmin-depleted spindles (Movie S4), represented by a 60% reduction in the relative EB1 intensity between the spindle and the poles compared with controls (Fig. 4D) . However, the velocity of EB1-GFP comets (a measure of MT polymerization rate) was not affected by augmin depletion [5.6 ± 0.9 μm/min for control immunodepletion (mean and SEM; n = 42 from two independent experiments) and 6.2 ± 1.2 μm/min for Dgt4 immunodepletion (n = 49 from three experiments)].
At a later time point, EB1-GFP comets mostly originated from poles, which appeared to operate as independent MT nucleation centers within the elongated augmin-depleted spindle ( Fig. 4C Right and Movie S4). The corresponding control spindle also showed increased MT nucleation from poles ( Fig. 4C Left and Movie S3), but still maintained growing MT plus ends throughout the middle of the spindle (Fig. 4D) . Thus, the EB1-GFP observations demonstrate an accumulation of MT nucleating activity at the poles in both control and augmin-depleted cells. This result suggests that γ-TuRC becomes concentrated at acentrosomal poles as the spindle matures over time, creating active foci of MT nucleation. Our results also show that the most pronounced phenotype observed in augmin-depleted spindles is the reduction of EB1-GFP comets from the middle of acentrosomal spindles, particularly during stages II and III, which is characterized by the biggest defect in MT mass production during spindle assembly in the absence of augmin (Fig. 2) .
Discussion
Most models for acentrosomal meiotic spindle assembly evoke MT nucleation at chromatin and kinetochores as the major mechanism for producing spindle MTs (23) . Here, we have explored this hypothesis by examining the function of augmin, a protein complex that was previously proposed to be involved in MT-based MT nucleation within the spindle, in an in vitro meiotic spindle assembly assay. Our results directly demonstrate a role for augmin in building the MT mass of the spindle, as might be expected from prior RNAi results of mitotic spindles in tissue culture cells (10) (11) (12) . Moreover, this work uncovered a function of augmin in stabilizing the bipolar shape of the acentrosomal, meiotic spindle, and revealed augmin-independent MT nucleation at acentrosomal poles.
Augmin-Dependent MT Production During Spindle Formation. Quantification of MT mass shows that augmin-depletion decreases the rate of MT production by threefold during spindle formation, increases the time to reach an approximate steady state, and decreases the steady-state MT mass by ∼twofold (at 50 min). Although suggested previously from RNAi results (10) (11) (12) , these measurements provide the most quantitative and direct demonstration that augmin facilitates the rate of MT assembly during spindle formation. Augmin's activity is particularly important to quickly generate sufficient MT mass during the early phase of spindle assembly (<20 min), which is characterized by a polymer mass "overshoot" followed by a decrease to a steady-state plateau. Fig. 3G and Fig. S3 C-E) at three assembly stages (see Fig. 1D ). (B and C) Augmin-inhibited spindles show a reduction of EB1-GFP comets from the middle of the spindles. Note the prominent density of EB1-GFP comets at the acentrosomal poles in C (both control and Dgt4 AB). (Scale bars, 10 μm.) See also Movie S3 (control AB) and Movie S4 (Dgt4 AB). (D) Quantitation of the ratio between the EB1 intensity in the midzone and near the poles (see circles for zone of measurement). Mean and SEM are derived from three independent experiments (2-7 spindles measured for each time point in each independent experiment).
It also appears to play a role in the initial phase of MT generation in response to addition of constitutively active Ran GTPase. The mechanism by which augmin increases MT mass during spindle assembly can only be inferred from these studies. Augmin does not appear to promote MT polymerization rates, as measured with EB1-GFP. The lower density of EB1-GFP comets from the central region of augmin-depleted spindles is consistent with previously suggested models that augmin promotes the attachment and activation of γ-TuRC nucleation on preexisting spindle MTs. However, we cannot exclude alternative mechanisms, such as augmin-mediated stabilization of spindle MTs, and it is possible that multiple mechanisms (e.g., nucleation and stabilization) contribute to augmin's effects on spindles. Due to limited optical resolution and the high MT density in Xenopus extracts, a better-defined, reconstituted assay system will be needed to identify augmin's precise mechanism.
Augmin-Independent MT Nucleation at Acentrosomal Poles. Our studies also have uncovered active nucleation of MTs from acentrosomal poles, which, to our knowledge, has not been reported before, although its existence has been postulated (24) . Prior studies have shown that acentrosomal poles are formed by dynein moving toward MT minus ends and carrying cross-bridged MTs (25) . Once collected at the poles, the minus ends are further crosslinked by NuMA or related proteins to create a stable pole (26) . We observe a similar process of pole focusing in augmindepleted extracts. Interestingly, the poles become increasingly active in MT formation, as evidenced by MT density and the location of EB1-GFP comets (Fig. 4) , suggesting a time-dependent accumulation of γ-TB at the poles perhaps mediated by dynein or other mechanisms. The acentrosomal pole-mediated nucleation appears to partially compensate for augmin loss, as MT mass increases and multipolar spindles are converted to bipolar structures at later time points when acentrosomal pole nucleation becomes particularly active. MT nucleation at acentrosomal poles also occurs in normal extracts and thus is likely to contribute to stability of the bipolar spindle.
In summary, our results suggest the following stages for MT nucleation in the life of the cell-free Xenopus meiotic spindle. First, chromatin-mediated MT nucleation, which had been thought to be sufficient for spindle assembly, drives the initial MT formation and appears to be augmin independent (16) . Once MTs have formed, augmin plays a particularly important role in increasing MT mass, perhaps by MT-templated MT nucleation or other mechanisms. Third, independent of augmin, MT nucleation activity accumulates at the acentrosomal poles and effectively produces centrosome-like MT organizing centers that help to stabilize bipolar structures.
Augmin and Spindle Bipolarity. In this study, we examined how augmin depletion affects spindle morphology in cell-free extracts in the presence or absence of centrosomes. In the absence of centrosomes, we have observed a substantial increase in multipolar spindles, especially at early time points, and abnormally long and asymmetric bipolar spindles. In an extract system in which centrosomes are present (from Xenopus sperm nuclei), augmin depletion causes a somewhat lower reduction in MT mass (30%) and the defects in spindle morphology are more modest. Thus, the centrosomal MT nucleation and organization contribution appears to partially compensate for the augminmediated MT nucleation and organization by retaining bipolarity and spindle length despite a decreased MT density inside the spindle, as suggested earlier (10). Lawo et al. (12) also reported a multipolar phenotype upon augmin depletion in HeLa cells; this effect was attributed to centrosome fragmentation, thus implying a role of augmin in centrosome function/integrity. However, we find that the multipolar spindle augmin phenotype is most pronounced in the absence of centrosomes. The defect in spindle bipolarity after augmin depletion also is unlikely to stem from lower MT density per se, because the addition of the MT destabilizer Op18 to frog egg extracts decreases rather then This shift facilitates production of MTs and may help to rescue spindle bipolarity in some cases. However, the lack of a strong antiparallel MT overlap in the middle leads to a weakly connected and elongated spindle structure.
increases spindle length (as occurs with augmin depletion) and does not significantly affect bipolarity (27) .
In Fig. 5 , we suggest a general model for how multiple MT nucleation pathways might contribute to spindle bipolarity. At early time points, MTs are nucleated in random directions from chromatin and organized by motors such as dynein and the kinesin-5 motor Eg5. Augmin may contribute to the early organization of these MTs into a bipolar structure in two ways. First, we propose that augmin/γ-TuRC nucleates MTs from unipolar MT bundles (created in part by dynein); some of these MTs cross the DNA midzone to create antiparallel overlap of MTs (Fig. 5 A  and B) . Consistent with augmin helping to generate antiparallel overlap, augmin depletion causes (i) the loss of MT mass in the spindle center, (ii) an increase of the pole-to-pole distance by 50%, and (iii) either too many poles, or (iv) poles that are not positioned symmetrically around the chromatin mass. The antiparallel MTs then are acted upon by Eg5, which pushes the MTs apart (Fig. 5B) , allowing the spindle to elongate (Fig. 5C ). This is reminiscent of monopolar sperm asters, which bipolarize as soon as some part of the structure achieves antiparallel organization (28) . Second, augmin might help to stabilize the spindle through a MT crosslinking activity, which is suggested by the observation that spindle MTs are less straight and less bundled after augmin depletion ( Figs. 1 and 4 ; stages I). In the absence of augmin, MT generation is reduced and delayed, and the intermediate states are often multipolar (Fig. 5 D and E) . Thus, we suggest that augminmediated MT amplification provides the central antiparallel MT mass that confers strength and optimal functional organization of a bipolar spindle. Finally, as the spindle matures, MT nucleating activity concentrates at the acentrosomal poles, as judged by the density of EB1-GFP comets. These poles become a major source of MTs, stabilizing the bipolarity of wild-type spindles and helping to rescue spindle MT density and bipolarity at late stages of spindle formation in augmin-depleted extracts (Fig. 5F ).
Materials and Methods
Protein, Antibody, and Xenopus Egg Extract Generation. The recombinant Histagged Xenopus laevis Dgt4 protein was purified by affinity chromatography with Ni-NTA (Qiagen) and used to produce rabbit polyclonal anti-Dgt4 antibody serum (Covance). Anti-Dgt4 antibodies were purified from serum with an antigen-coupled matrix (Affi-Gel 10, Biorad). Purified anti-γ-TB antibody (specific for the C terminus of γ-TB) and the vector for recombinant His-tagged (GFP-)EB1 were generous gifts from Christiane Wiese (29) . The bacterially expressed (GFP-)EB1 was purified by affinity chromatography with Ni-NTA (Quiagen) followed by size-exclusion chromatography (Superdex 200 column, GE). CSF extracts were prepared from Xenopus laevis oocytes as described (30) . Details of the preparation and immunodepletion are described in SI Materials and Methods.
Microscopy and Image Analysis. Imaging (20°C) was performed as described (17) using a LSM-Live 5 scanning fluorescence confocal microscope (Zeiss). A field of view contained a pattern of at least 3 × 3 DNA bead spots. A 3 × 3 array of adjacent fields of view was imaged and stitched together by the acquisition software to create one LSM or TIF file of ∼81 DNA beads. At least three fields of view arrays were monitored over time (≤243 DNA beads).
ImageJ (Wayne Rasband, NIH) was used for quantitation. Spindle length was measured as the pole-to-pole distance and the relative MT intensity in the spindle versus the poles was determined as described (10, 11) . Quantification of TB intensity of individual spindles at distinct time points was measured as in Groen et al. (18) . Quantification of fluorescence intensity of all spindles in the field of view over all frames during spindle assembly was performed with custom-written macros (17) in Matlab that are available upon request. EB1 comet trajectories were followed manually, and velocities were calculated by using the Manual Tracking plugin for ImageJ (Fabrice Cordelier).
